Two-dimensional (2D) epitaxial materials such as graphene and hexagonal boron nitride (*h*-BN) have increasingly been employed as decoupling layers in recent years, as they can template the adsorption and steer the self-assembly of atoms, molecules and clusters.[@cit1]--[@cit3] Research in this field is driven by both the ambition to tune the electronic properties of the 2D materials, *e.g. via* a periodic potential modulation by molecular superstructures,[@cit4]--[@cit8] or charge transfer doping,[@cit9]--[@cit13] as well as an interest in the characterization of fundamental intrinsic properties of adsorbates without the often appreciable perturbation induced by the underlying metal substrate.[@cit1],[@cit14]--[@cit18] In particular, the strong hybridization of molecular orbitals with metal states can be prevented on *h*-BN,[@cit19]--[@cit22] similar to other insulating spacer layers,[@cit23]--[@cit26] which effectively decouple the adsorbate from the substrate.

The adsorption geometry of organic molecules on metal substrates was subject to various experimental and theoretical studies in the last decade.[@cit27]--[@cit30] In particular, atomic force microscopy and the X-ray standing wave (XSW) technique have proven their potential to yield a detailed and quantitative structure determination, including molecular adsorbates.[@cit31]--[@cit35] However, on metal-supported *h*-BN only few experimental studies address the geometric interface structure of adsorbates,[@cit36],[@cit37] and an approach to obtain quantitative information on the molecular conformation of large organic molecules on *h*-BN is still lacking. This is surprising in view of the manifold studies addressing the electronic properties of organic/*h*-BN/metal systems.[@cit18],[@cit20],[@cit21],[@cit37]--[@cit39] A precise knowledge of the geometric structure of the organic/*h*-BN/metal interface is crucial to elucidate the physical properties of the hybrid system. Moreover, this information is highly relevant for benchmarking the various density functional theory (DFT) calculations and molecular dynamics simulations investigating adsorbates on *h*-BN sheets.[@cit10],[@cit40]--[@cit49] Additionally, the effect that adsorbed metal--organic molecules exert on the 2D layer has yet to be addressed experimentally on the atomic scale.[@cit8]

Herein, we report the first quantitative determination of the adsorption height and the conformation of an organic molecular adsorbate on an *h*-BN monolayer. We choose the tetrapyrrole compound cobalt porphine (Co--P, see inset of [Fig. 1c](#fig1){ref-type="fig"}) on *h*-BN/Cu(111) as a model system to study the adsorption geometry and the interaction of the molecule with the substrate in a combined experimental approach based on X-ray photoelectron spectroscopy (XPS), XSW, and scanning tunneling microscopy (STM). The geometric structure of both pristine *h*-BN and Co--P on Cu(111) have been separately determined in a quantitative fashion in prior works.[@cit50],[@cit51] The *h*-BN/Cu interface is characterized by coexisting moiré-like superstructures with periodicities ranging from 1 to 15 nm, providing hexagonal arrays of so-called pores separated by wire regions.[@cit50],[@cit52] The *h*-BN layer was found to display an average adsorption height of 3.38 ± 0.04 Å and exhibits a moderate geometric corrugation of 0.3--0.7 Å.[@cit50] Co--P molecules on Cu(111) were determined to adsorb in a single site, with the Co atom bridging surface Cu atoms at a height of 2.25 ± 0.04 Å.[@cit51] The molecular backbone of the Co--P molecule on Cu(111) presents an asymmetric saddle-shape conformation as well as a strong interaction between the Co atom and the copper substrate. The new results presented here indicate that photoemission-based techniques are capable of characterizing adsorbates on insulating epitaxial monolayers quantitatively and shine a light on the degree of interfacial interaction still present in those systems. Furthermore, we highlight a temperature-dependence of the adsorption height of the molecule on *h*-BN/Cu(111). Knowledge of the interfacial structure of semiconductor/insulator/metal junction is essential for applications in future nanoscale hybrid devices. For example, the self-assembly of magnetic molecules into ordered arrays and their decoupling from the metallic substrate are potentially relevant in the fields of data storage and spintronics.[@cit53],[@cit54]

![Co--P on *h*-BN/Cu(111). STM images at 6 K display the preferred adsorption of Co--P molecules in the pores of the *h*-BN layer on Cu(111) for coverages of (a) ∼0.15 ML, and (b) ∼0.3 ML. (c) The XP spectrum of the Co 2p~3/2~ core level (recorded at 50 K, coverage ∼0.15 ML) exhibits a complex line shape due to the occurrence of multiplet splitting and a satellite structure. Scan parameters: (a) *U*~b~ = 1.0 V, *I*~t~ = 41 pA, (b) *U*~b~ = 1.23 V, *I*~t~ = 120 pA. The inset shows a structural model of the Co--P molecule (gray: carbon, blue: nitrogen, orange: cobalt, and white: hydrogen).](c8nr06387g-f1){#fig1}

STM images, taken at 6 K, for Co--P molecules adsorbed on monolayer *h*-BN on Cu(111) show an adsorption behavior in regular quasi-hexagonal arrays, which follows the moiré-like superstructure. Specifically, we identify preferential adsorption starting in the pores of the *h*-BN layer ([Fig. 1a and b](#fig1){ref-type="fig"}), which were determined in our prior study to be closer to the metal substrate and present a lower local work function than the wire regions.[@cit50],[@cit52] Site-selective adsorption was observed previously and assigned to the electrostatic potential landscape of the *h*-BN/metal interface.[@cit19],[@cit55] Depending on the moiré size and coverage, mainly single molecules ([Fig. 1a](#fig1){ref-type="fig"}) or aggregates ([Fig. 1b](#fig1){ref-type="fig"}) can be trapped inside the pores. Increasing deposition of molecules finally leads to a densely packed, uniform coverage across the whole *h*-BN layer (Fig. S1[†](#fn1){ref-type="fn"}). The latter defines one monolayer (ML) of molecules (∼0.75 molecules per nm^2^) according to the convention adopted here.

Scanning tunneling spectroscopy (STS) measurements on Co--P/*h*-BN/Cu(111) (Fig. S2b[†](#fn1){ref-type="fn"} and [@cit56]) only show Co-related states above the Fermi level on any region of the *h*-BN moiré, clearly refuting the idea of a charge transfer to the Co--P molecules, in agreement with a report on Co-metalated functionalized porphyrins.[@cit57] Notably, this observation is in contrast to Co-Phthalocyanine on *h*-BN/Ir(111),[@cit18],[@cit20] where a shift of the Co resonance below the Fermi level (*i.e.* a charging of the molecule) has been observed for molecules adsorbed in the pores. However, the position of the Co-related unoccupied resonance does vary as a function of the lateral position of the Co--P molecule on the *h*-BN moiré (Fig. S2c[†](#fn1){ref-type="fn"}).

In both the low (∼0.15 ML) and the high (∼0.95 ML) Co--P coverage regimes, the Co 2p~3/2~ core-level line in XPS exhibits a composite structure comprising three features, which are labelled Co~1~, Co~2~, and Co~3~. An example of these spectra, measured at low coverage and 50 K is shown in [Fig. 1c](#fig1){ref-type="fig"} (a comparable spectrum for the high coverage regime and at 300 K is shown in Fig. S3[†](#fn1){ref-type="fn"}). The observed line shape is characteristic of a Co^2+^ ion in metal complexes.[@cit58]--[@cit60] Specifically, the two features at the lowest binding energy (780.3 eV and 781.1 eV) are assigned to multiplet splitting due to the coupling of the core hole, left by the photoemission process, to unpaired electrons in the Co 3d shell. The highest binding energy feature (Co~3~, *E*~b~ = 782.7 eV), is assigned to a shake-up satellite in agreement with previous reports.[@cit58]--[@cit61] A similar deconvolution into three components has also been proposed for the Fe 2p~3/2~ core level of Fe^2+^ ions in porphyrins and phthalocyanines.[@cit59],[@cit62],[@cit63]

The XPS binding energy of the Co~1~ component (780.3 eV) is significantly greater than that found for Co--P/Cu(111) (778.2 eV),[@cit51] Co-TPP/Ag(111) (778.2 eV)[@cit61],[@cit64] and metallic Co (778.0 eV).[@cit65] The binding energy of Co--P/Cu(111) was ascribed to adsorption-related charge transfer from the copper substrate into the Co ion.[@cit51] Therefore, the significant increase in binding energy here and the observed line shape are both indicative of a +2 oxidation state and signal a dramatic decrease in any charge transfer from the substrate. Furthermore, the Co 2p binding energy of Co~1~ is very similar to that reported for a multilayer of Co-TPP (780.5 eV), where the thickness of the organic layer attenuates the substrate-induced core-hole screening effects and the charge transfer. Note also that the C 1s and N 1s XP spectra (Fig. S4[†](#fn1){ref-type="fn"}) both present a smaller upshift in binding energy of 0.4 eV, compared to Co-P/Cu(111),[@cit51] suggesting that the charge transfer into the molecule directly on the metal surface primarily affects the Co center (as discussed in our prior study).[@cit51] The XPS data are summarized in the Table S1 in the ESI.[†](#fn1){ref-type="fn"}

Roughly the same line shape is observed in both the low and high coverage regimes ([Fig. 1c](#fig1){ref-type="fig"} compared to Fig S3[†](#fn1){ref-type="fn"}), albeit with a different intensity ratio of Co~2~ to Co~1~. Specifically, at a coverage of ∼0.15 ML the Co~2~ : Co~1~ ratio was ∼2 : 5, while at a coverage of ∼0.95 ML it increased to ∼2 : 3. Although this change in the relative peak intensity might suggest coverage-related adsorption sites, this interpretation is refuted by the XSW analysis presented below. Moreover, despite the origin of the effect being unclear, coverage-dependent variations of the intensity ratio in the multiplet structure have been previously reported.[@cit58],[@cit59],[@cit62] No differences were observed, instead, in the Co~2~ : Co~1~ ratio as a function of temperature (50 K to 300 K).

The XSW data obtained from the photoelectron yield of the integrated area of the Co 2p~3/2~ core level (comprising both multiplet features Co~1~ and Co~2~) for the low coverage regime at 300 K are shown in [Fig. 2a](#fig2){ref-type="fig"}, and the corresponding profiles from the N 1s, C 1s and B 1s core levels are shown in Figs. S5.[†](#fn1){ref-type="fn"} The coherent fractions and positions, obtained from fitting these data, are summarized in [Table 1](#tab1){ref-type="table"}. Notably, the Co 2p line shape in XPS was not observed to vary through the standing wave condition (Fig. S6 and Table S2[†](#fn1){ref-type="fn"}), demonstrating that the two components Co~1~ and Co~2~ most likely originate from multiplet splitting and thus are related to the same, single Co species exhibiting a well-defined adsorption height. Therefore, in the following, the integrated intensity from Co~1~ and Co~2~ is considered.

![Normal incidence XSW Co 2p~3/2~ absorption profiles of Co--P on *h*-BN/Cu(111) in the low coverage regime (∼0.15 ML) at the (111) Bragg reflection, acquired at (a) 300 K and (b) 50 K, respectively, integrated over both the Co~1~ and Co~2~ species (see [Fig. 1c](#fig1){ref-type="fig"}). Solid lines are fits to the data. Black data points are the reflectivity curve.](c8nr06387g-f2){#fig2}

###### Comparison of the structural parameters of the XSW analysis of Co--P/*h*-BN/Cu(111) in the low coverage regime (∼0.15 ML) at 300 K and at 50 K. The table summarizes the coherent fraction *f* ^111^, the coherent position *p*^111^ (in units of the (111) interplanar distance of Cu(111)) and the mean adsorption height *h\[combining macron\]* for all atomic species in the Co--P molecule and the *h*-BN layer

                          Core-level    Low coverage, 300 K   Low coverage, 50 K                                             
  ----------------------- ------------- --------------------- -------------------- ------------- ------------- ------------- -------------
  Co--P                   C 1s (C--C)   0.32 ± 0.04           0.13 ± 0.02          6.53 ± 0.04   0.49 ± 0.04   0.06 ± 0.02   6.37 ± 0.04
  C 1s (C--N)             0.37 ± 0.04   0.10 ± 0.02           6.47 ± 0.04          0.53 ± 0.04   0.05 ± 0.02   6.35 ± 0.04   
  N 1s (N~Co--P~)         0.37 ± 0.08   0.12 ± 0.03           6.51 ± 0.06          0.47 ± 0.05   0.00 ± 0.04   6.24 ± 0.08   
  Co 2p (Co~1~ + Co~2~)   0.58 ± 0.04   0.09 ± 0.02           6.45 ± 0.04          0.67 ± 0.04   0.97 ± 0.02   6.18 ± 0.04   
  *h*-BN                  B 1s (B~0~)   0.69 ± 0.04           0.63 ± 0.02          3.40 ± 0.04   0.58 ± 0.04   0.58 ± 0.02   3.29 ± 0.04
  N 1s (N~0~)             0.69 ± 0.02   0.61 ± 0.01           3.36 ± 0.02          0.58 ± 0.02   0.58 ± 0.01   3.29 ± 0.02   

The boron nitride layer, when compared to our prior results,[@cit50] is found to be at the same height above the Cu(111) surface as without adsorbed Co--P (with/without Co--P: 3.39 ± 0.04/3.40 ± 0.04 Å for B and 3.37 ± 0.04/3.36 ± 0.02 Å for N), and only a minor decrease in the coherent fraction of the two species is observed. The Co center is found to be 6.45 ± 0.04 Å above the Cu(111) surface, *i.e.* 3.07 ± 0.05 Å above the average *h*-BN position, with a coherent fraction that is slightly lower than that of the *h*-BN layer underneath ([Fig. 3](#fig3){ref-type="fig"}). The molecular backbone of Co--P (Fig. S2a[†](#fn1){ref-type="fn"}) appears to be significantly more planar than on the bare Cu(111) surface.[@cit51] Specifically, no difference is observed in the coherent fractions between the N atoms and the C--N carbon atoms in Co--P, whereas on the bare Cu(111) surface a difference of 0.19 ± 0.05 was found.[@cit51] For Co--P on bare Cu(111), the Co center was found to lie below the organic backbone of the molecule.[@cit51] Similarly, such a displacement may also be present when adsorbed on the *h*-BN layer, but it is less than the precision of the results presented here (0.06 ± 0.07 Å). The adsorption height of the molecule relative to the average *h*-BN layer position (3.07 ± 0.06 Å \[Co\] -- 3.15 ± 0.06 Å \[C--C\]) is significantly less than the summation of the van der Waals radii of Co--B (4.3 Å) and C--B (3.7 Å), indicating that the Co--P is not completely free-standing on the *h*-BN. However, the increased planarity of the molecule and the still significantly larger adsorption heights do suggest that any interaction between the *h*-BN and the Co--P is weak. Interestingly, a selective decoupling of non-planar Co-TPP molecules adsorbed on a Cu~3~N spacer layer on Cu(110) has been reported, featuring strong interaction of the Co center with the support highlighted by a short Co--N distance (2.72 Å).[@cit66]

![Schematic model of the Co--P molecule on *h*-BN/Cu(111) with the indicated average adsorption heights of the *h*-BN layer and the Co center for low coverage (∼0.15 ML) at 300 K and at 50 K, respectively. Note that the vertical corrugation of the *h*-BN layer was not considered in the sketch and only the average position is taken.](c8nr06387g-f3){#fig3}

The XSW results for the high coverage regime (shown in Fig. S7,[†](#fn1){ref-type="fn"} coherent fractions and heights in Table S3[†](#fn1){ref-type="fn"}) again indicate no effect on the *h*-BN layer from Co--P adsorption, and suggest a highly planar Co--P molecule. However, a subtle increase in adsorption height of the whole molecule is observed (an average increase of 0.11 ± 0.03 Å across all four species) and a dramatic decrease in the coherent fraction of the Co ion (0.27 ± 0.06).

Finally, XSW measurements were performed on the low coverage phase at 50 K ([Fig. 2b](#fig2){ref-type="fig"} and Fig. S8,[†](#fn1){ref-type="fn"} the deduced coherent fractions and positions are summarized in [Table 1](#tab1){ref-type="table"}), in an attempt to measure a regime that is more similar to that under which the STM measurements were performed. As can be seen in the comparison between the 300 K and 50 K Co 2p XSW measurements in [Fig. 2](#fig2){ref-type="fig"}, a significant difference in the maximum photoemission yield of the Co 2p~3/2~ during XSW measurements is observed. Specifically the adsorption height of the Co ions, with respect to the Cu(111) surface, has decreased by 0.27 ± 0.06 Å (∼30 times greater than the thermal expansion of Cu over the same temperature range), with a similar reduction in adsorption height for all species in the molecule. The *h*-BN layer itself is also reduced in adsorption height by 0.09 ± 0.04 Å (thus the height of the Co above the *h*-BN layer is reduced by 0.18 ± 0.07 Å). A similar difference is observed by cooling the high coverage phase to 200 K (Table S3[†](#fn1){ref-type="fn"}).

One potential explanation for the difference in adsorption height as a function of temperature and coverage could be found in the presented STM measurements ([Fig. 1a](#fig1){ref-type="fig"}). At 6 K, the STM measurements indicate that the Co--P island growth starts on the pore areas of the *h*-BN, which have been previously determined to lie closer to the substrate than the rest of the *h*-BN layer.[@cit50] Obviously, at higher coverage the molecule cannot only occupy the pores, thus a slight increase in adsorption height is not surprising. Equally, the rather large adsorption height between the Co--P and the *h*-BN (≥2.89 Å) is suggestive of a weak bonding of the molecule (although the preferential adsorption in the pores still indicates an effect of the corrugated surface potential) and thus it is likely that, at 300 K, the molecule is highly mobile on the surface. In other words, at least at low coverage, by cooling the sample to 50 K (and to a lesser extent, 200 K) we are potentially quenching the mobility of the Co--P on the surface and "freezing" out the molecule into the pores, which results in a lower adsorption height ([Fig. 3](#fig3){ref-type="fig"}).

Another, more likely argument that could explain, at least in part, the observed difference as a function of the temperature are anisotropic thermal vibrations. As the Co--P molecule is clearly weakly bound, but not free-standing, it is feasible that an increase in adsorption height only results in a small attractive force pulling it back towards the equilibrium height, but that a similar decrease in adsorption height could result in a strong repulsive force pushing it back, *i.e.* a strongly asymmetrical Lennard-Jones potential. Therefore, although the modal adsorption height at both temperatures may be the same, the mean adsorption height, which is what is measured by XSW, may vary. Certainly, the coherent fraction of the molecule increases significantly (≥0.09 ± 0.06 for all species) when cooling to 50 K, which could indicate a notable decrease in the amplitude of the thermal vibrations. Notably, no conclusive effect on the adsorption height was detected in more strongly bonded porphyrins on Cu(111).[@cit67] These finite temperature effects, on the mean adsorption height, are very intriguing, as quantitative structural parameters are a popular benchmark for DFT calculations,[@cit29],[@cit31],[@cit68] but DFT calculations are, by their nature, performed for the system at 0 K. Addressing this so-called "finite temperature effect" has become of increasing interest over the last decade,[@cit33],[@cit69] in order to provide DFT formalizations that yield more realistic results.

Previous DFT calculations of organic molecules adsorbed on a free-standing monolayer of *h*-BN have predicted significantly larger adsorption heights compared to those measured experimentally here, *e.g.*: benzene/*h*-BN (3.29 Å),[@cit44] borazine/*h*-BN (3.24 Å),[@cit44] TCNQ/*h*-BN (3.49 Å),[@cit10] functionalized porphyrins/*h*-BN (3.37 Å).[@cit41] Even DFT calculations including the metal support (Phthalocyanines on *h*-BN/Rh(111), ∼3.25 Å)[@cit55] yielded adsorption heights exceeding our experimental values. Thus, all predicted adsorption heights are greater than the experimentally measured adsorption height above the *h*-BN layer. However, it is important to note that in our prior work[@cit50] we observed a corrugation in the *h*-BN layer (∼0.4 Å) and that our STM images ([Fig. 1](#fig1){ref-type="fig"}) indicate a preferred Co--P adsorption in the pore regions of the *h*-BN layer. Yet, even were the Co--P molecules solely adsorbed in these low-lying sites, only the room temperature measurements would show a good agreement with theory -- the adsorption height at 50 K would still be far closer to the *h*-BN layer than expected from these 0 K calculations. Although we cannot address whether the difference is due to the specificity of the adsorbed molecular species,[@cit70] a general underestimation of the molecule/*h*-BN interaction strength, or the influence of the underlying support,[@cit71] this discrepancy calls for further systematic experimental and theoretical studies on the effect of both support and temperature.

In summary, based on the STM observations we propose a Co--P island formation starting on the pore areas of the *h*-BN layer, in line with reports of free-base porphine (2H-P) molecules on *h*-BN/Cu(111).[@cit19] We suggest that this growth mode is due to the previously reported electronic surface potential modulation of the moderately corrugated *h*-BN layer.[@cit50],[@cit52] The binding energy of the Co 2p XP spectra signals little, if any, direct electronic influence of the *h*-BN or the underlying Cu(111) surface on the Co--P molecule. The XSW measurements indicate a more planar adsorption of the Co--P molecule, than is observed on the bare Cu(111) surface,[@cit51] and an adsorption height that exhibits a pronounced temperature dependence and suggests weak physisorption. The observed adsorption height (3.07 ± 0.06 Å) is significantly shorter than the associated van der Waals radii and thus, although the interaction between the molecule and the *h*-BN is generally weak, the Co--P does not form a fully free-standing molecular layer, which is further evidenced by the aforementioned preference for adsorbing in the pores of the *h*-BN. Nonetheless, the suppression of the charge transfer from the Cu(111) surface into the Co--P molecule and the increased molecular adsorption height suggest that a monolayer of *h*-BN act as a suitable buffer layer between organic adsorbates and metal substrates. This is important as in numerous studies the metal substrates have been observed to quench the many interesting electronic and chemical properties of, *e.g.*, organic metal complexes.[@cit72]--[@cit74] Furthermore, the minimization of the influence of the metal substrate suggests that the *h*-BN monolayer could well be used as a powerful model system for insulating substrates -- which are typically challenging to measure with electron-based techniques.
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